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TITLE OF THE INVENTION 

FILTER FOR USE WITH PULSE-WAVE SENSOR AND 
PULSE WAVE ANALYZING APPARATUS 

BACKGROUND OF THE INVENTION 

Field of the Invention 
[0001] The present invention relates to a filter for use with a pulse 

wave sensor in determining a rising point of a pulse wave, and a pulse wave 
analyzing apparatus that determines a rising point of a pulse wave by 
analyzing the shape or form of the pulse wave. 

Related Art Statement 
[0002] A rising point of a pulse wave is identified or determined, for 

example, when a pulse wave propagation velocity at which the pulse wave 
propagates between two body portions of a living subject is measured/ or 
when a pulse rate of the subject is measured. There is known a pulse wave 
sensor that is worn on a body portion of a living subject to detect a pulse 
wave from the body portion, and outputs a pulse wave signal representing 
the detected pulse wave. However, the pulse wave signal contains, in 
addition to components representing the pulse wave, low-frequency noise 
such as swell like DC component, or high-frequency noise such as artifact 
noise or background noise. Hence, a pulse wave filter is used to remove the 
noise and obtain a filtered pulse wave signal representing a desired pulse 
wave. 

[0003] When the rising point of pulse wave is utilized, such a pulse 

wave filter is employed which has a specific frequency band covering 
frequencies of a rising portion of the pulse wave and allows the rising 
portion to pass therethrough. For example, a pulse wave filter disclosed by 
Japanese Patent Publication No. 2001-145606 has a specific frequency band 
of from 1 Hz to 30 Hz. 

[0004] However, even in the case where the pulse wave filter that 

allows the rising portion of pulse wave to pass therethrough is employed 
and the pulse wave signal filtered by the filter is used to determine the 
rising point of pulse wave, the rising portion of the pulse wave represented 
by the filtered signal may not be so sharp as to be able to determine 
sufficiently accurately a time of detection or occurrence of the rising point. 



SUMMARY OF THE INVENTION 

[0005] It is therefore an object of the present invention to provide a 

filter for use with a pulse wave sensor in determining accurately a rising 
point of a pulse wave, and a pulse wave analyzing apparatus that can 
accurately determine the rising point of pulse wave. 

[0006] The Inventors have carried out extensive studies to achieve 

the above-indicated object, and have found the following facts: A pulse wave, 
that is, a composite wave of an incident wave traveling from subject's heart 
to his or her peripheral-side portion and a reflected wave produced when the 
incident wave is reflected by a bifurcated portion of the peripheral side, has 
such features that the incident wave shows a sharp rising portion since it is 
produced when blood is ejected from the heart whereas the reflected wave 
shows a gentle rising portion since its high-frequenqy component is 
attenuated during propagation through artery and its low-frequency 
component is relatively enhanced. Therefore, a gentle rising portion of a 
pulse wave is caused by its reflected wave component and, if the reflected 
wave component is removed from the pulse wave, its incident wave 
component is relatively enhanced and the rising portion of the pulse wave is 
sharpened, so that the accuracy of determination of the rising point is 
improved. The present invention has been developed on this finding. 
[0007] According to a first aspect of the present invention, there is 

provided a filter for use with a pulse wave sensor which is adapted to be 
worn on a body portion of a living subject to detect a pulse wave from the 
body portion, and outputs a signal representing the detected pulse wave, 
wherein the filter cuts off a reflected wave component of the signal thiat has 
frequencies felling within a low frequency band, and allows a rising portion 
of an incident wave component of the signal that has frequencies Calling 
within a high frequency band, to pass therethrough. 

[0008] According to the first aspect of the present invention, the 

pulse wave represented by the signal filtered by the present filter has such 
features that the reflected wave component as the low-frequency component 
has been removed and the incident wave component has been enhanced 
Therefore, the pulse wave represented by the filtered signal shows a sharp 
rising portion. Thus, the time of rising point of the pulse wave can be 
accurately determined based on the signal filtered by the filter. 
[0009] An average frequency of a reflected wave component of a 



pulse wave can be experimentally determined, in advance, and the filter 
according to the first aspect of the present invention can be adapted to have 
a low-side cut-off frequency band whose upper limit is determined based on 
the average frequency. In this case, the accuracy of determination of rising 
point is improved. However, the frequency of reflected wave component 
differs among individual patients or among different body portions of each 
patient. Hence, a pulse wave analyzing apparatus according to a second 
aspect of the present invention employs a plurality of filters having 
respective low-side cut off frequency bands differing from each other, 
determines respective 

times of respective rising points of respective pulse waves represented by 
the respective signals filtered by the filters, and determines a time of a 
single rising point by comparing the thus determined respective times of 
respective rising points with each other. 

[001 0) According to a second aspect of the present invention, there 

is provided a pulse wave analyzing apparatus comprising a pulse wave 
sensor which is adapted to be worn on a body portion of a living subject to 
detect a pulse wave from the body portion, and outputs a pulse wave signal 
representing the detected pulse wave; a plurality of filters for use with the 
pulse wave sensor, the plurality of filters having respective low-side cut-off 
frequency bands differing from each other, and each receiving the pulse 
wave signal outputted by the pulse wave sensor; a provisional rising point 
determining means for determining a time of detection of a provisional 
rising point of each of respective pulse waves represented by respective 
signals that have passed through the filters; and a proper rising point 
determining means for comparing the respective times of detection of the 
respective provisional rising points, each determined by the provisional 
rising point determining means, with each other, and thereby dete rmining a 
time of detection of a proper rising point based on the respective times of 
detection of the respective provisional rising points. 

[0011] According to the second aspect of the present invention, the 

provisional rising point determining means determines the respective times 
of respective provisional rising points of respective pulse waves represented 
by the respective signals that have passed through the filters having the 
respective different low-side cut-off frequency bands, and the proper rising 
point determining means compares the respective times of respective 



provisional rising points with each other and thereby determines the time of 
proper rising point based on the respective times of respective provisional 
rising points. Therefore, even if respective rising portions of respective 
reflected wave components and/or respective incident wave components of 
respective pulse waves detected from different patients or different body 
portions of each individual patient may have different frequencies or 
different frequency bands, the present pulse-wave analyzing apparatus can 
accurately determine a time of a rising point of a pulse wave detected from 
each of the patients or each of the body portions of each individual patient. 
[0012] According to a first feature of the second aspect of the 

present invention, the proper rising point determining means determines, 
when at least two times of the respective times of detection of the respective 
provisional rising points are substantially equal to each other, the at least 
two times substantially equal to each other, as the time of detection of the 
proper rising point The respective pulse waves represented by the 
respective signals filtered by the filters having the respective different 
low-side cut-off frequency bands, show respective sharp rising portions 
similar to each other, if respective upper limits of the respective low-side 
cut-off frequency bands of the filters are higher than the frequencies of the 
respective reflected wave components of the respective pulse waves. 
Therefore, the respective times of respective rising points of those sharp 
rising portions are substantially equal to each other. Thus, the present 
apparatus can accurate determine a time of a rising point of a pulse wave. 
[0013] According to a second feature of the second aspect of the 

present invention, the proper rising point determining means determines, 
when the respective times of detection of the respective provisional rising 
points of the respective pulse waves represented by the respective signals 
that have passed through the filters decrease as respective upper limits of 
the respective low-side cut-off frequency bands of the corresponding filters 
increase, a shortest one of the respective times of detection of the respective 
provisional rising points, as the time of detection of the proper rising point. 
In this case, it is thought that the reflected wave components as the 
respective low-frequency components have not been removed from the 
respective pulse waves and the respective rising portions have been delayed 
by those reflected wave components. Therefore, the proper rising point 
determining means determ in es the shortest one of the respective times of 



detection of the respective provisional rising points, as the time of detection 
of the proper rising point. 

[0014] The pulse wave sensor may be a cuff that is wound around a 

body portion of a subject to press the body portion; a photoelectric pulse 
wave detecting probe for use in measurement of blood oxygen saturation; a 
pressure pulse wave sensor that is pressed via skin to an artery such as a 
radial artery to detect a pressure pulse wave from the artery; an impedance 
pulse wave sensor that detects, through electrodes, an impedance pulse 
wave from, e.g., an arm or a finger; or a photoelectric pulse wave sensor that 
is worn on, e.g., a tip of a finger to detect a pulsation. Alternatively, the 
pulse wave sensor may be an invasive-type pulse wave sensor that includes 
a catheter directly inserted in an artery and a pressure transducer 
connected to the catheter to detect a pulse wave from the artery. 
[0015] According to a third feature of the second aspect of the 

present invention, the pulse -wave sensor comprising an inflat able cuff 
adapted to be worn on the body portion of the subject, and wherein the 
proper rising point deter minin g means determines, when thB respective 
times of detection of the respective provisional rising points of the respective 
pulse waves represented by the respective signals that have passed through 
the filters increase as respective upper limits of the respective low-side 
cut-off frequency bands of the corresponding filters increase, a shortest one 
of the respective times of detection of the respective provisional rising points, 
as the time of detection of the proper rising point. In the case where the 
pulse wave sensor is provided by the cuff and a pulse wave as a pressure 
oscillation transmitted from an artery to the cuff propagates from the cuff to 
a pressure sensor via a tube, the oscillation of the pulse wave is attenuated, 
and the phase of the same is delayed, during propagation of the pulse wave 
through the tube. The amounts of delay of phases of high-frequency 
components of the pulse wave are larger than those of low-frequency 
components of the same. Therefore, the amounts of delay of phases of 
high-frequency components of the pulse wave are so large as to influence the 
determination of time of rising point of the pulse wave, the respective times 
of detection of the respective provisional rising points of the respective pulse 
waves represented by the respective signals filtered by the filters increase 
as the respective upper limits of the respective low-side cut-off frequency 
bands of the corresponding filters increase. 



BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] The above and optional objects, features, and advantages of 

the present invention will be tetter understood by reading the following 
detailed description of preferred embodiments of the invention when 
considered in conjunction with the drawings, in which" 

Fig. 1 is a diagrammatic view for explaining a construction of a 
pulse-wave propagation velocity measuring apparatus including a 
pulse-wave filter to which the present invention is applied; 

Fig. 2 is a diagrammatic view for explaining essential control 
functions of an electronic control device of the apparatus shown in Fig. 11 

Fig. 3 is a diagrammatic. view for explaining a construction of 
another pulse-wave propagation velocity measuring apparatus functioning 
as a pulse- wave analyzing apparatus to which the present invention is 
applied! 

Pig. 4 is a diagrammatic view for explaining essential control 
functions of an electronic control device of the apparatus shown in Fig. 3J 

Fig. 5 is a view for explaining respective low-side cut-off 
frequency bands of a plurality of band paBS filters BPF shown in Fig. 4; 

Fig. 6 is a graph showing respective times of a plurality of 
provisional rising points that are determined, by a provisional rising point 
determining means, shown in Fig. 4, with respect to low-side cut-off 
frequency band of band-pass filter BPF; 

Fig. 7 is a view showing respective rising portions of an 
incident wave component, wi, and a reflected wave component, wr; and 

Fig. 8 is a flow chart representing essential control functions 
of a CPU (central processing unit), shown in Fig. 4. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 
[0017] Hereinafter, there will be described a preferred embodiment of 
the present invention in detail by reference to the drawings. Fig. 1 is a 
diagrammatic view for explaining a construction of a pulse-wave 
propagation velocity measuring apparatus 10 including a pulse wave filter 
to which the present invention is applied. 

[0018] In Fig. 1, the pulse- wave propagation velocity measuring 

apparatus 10 includes a cuff 12 which functions as a pulse wave sensor and 



includes a belt-like cloth bag and a rubber bag accommodated in the cloth 
bag, and which is adapted to be worn on a brachium 14 of a living subject. 
The cuff 12 is connected via a piping 20 to a pressure sensor 16 and a 
pressure control valve 18. The piping 20 is formed of rubber or a flexible 
resin. The pressure control valve 18 is connected via a piping 22 to an air 
pump 24. The pressure control valve 18 adjusts a pressure of a pressurized 
air supplied from the air pump 24, and supplies the pressure-adjusted air to 
the cuff 12, or discharges the pressurised air from the cuff 12, so as to 
control an air pressure in the cuff 12. 

[0019] In a state in which the cuff 12 is inflated around the 

brachium 14, a pulse wave produced from an artery, not shown, of the 
brachium 14 is transmitted to the cuff 12, so that a pressure oscillation, 
corresponding to the pulse wave is produced in the cuff 12. Hereinafter, this 
pressure oscillation will be referred to as the "cuff pulse wave". The cuff 
pulse wave is transmitted via the piping 20 to the pressure sensor 16. Thus, 
the cuff 12 outputs, as an output signal thereof, the cuff pulse wave as the 
pressure oscillation. 

[0020] The pressure sensor 16 converts the cuff pulse wave 

transmitted as the pressure oscillation, into an electric signal, i.e., a pulse 
wave signal SM, and supplies the pulse wave signal SM to each of a 
static-pressure filter circuit 26, and a band-pass filter 28 functioning as the 
pulse wave filter. The static-pressure filter circuit 26 includes a low-pass 
filter which extracts, from the pulse wave signal SM, a cuff pressure signal 
SC representing a static component of the signal SM, Le., a pressing 
pressure of the cuff 12 (hereinafter, referred to as the cuff pressure PC). The 
filter circuit 26 supplies the cuff pressure signal SC to an electronic control 
device 30 via an A/D (analog-to-digital) converter 32. 

[0021] The band-pass filter 28 has a specific frequency band, and 

allows only signals or signal components having frequencies falling within 
the specific frequency band, to pass therethrough. The specific frequency 
band of the band-pass filter 28 is higher than a low frequency band within 
which frequencies of a reflected wave component of the cuff pulse wave 
detected by the cuff 12 fell, contains a high frequency band within which 
frequencies of a rising portion of an incident wave component of the cuff 
pulse wave fall, and is lower than a higher frequency band within which 
frequencies of high-frequency noise fell. Since, in the present embodiment, 



•8- 



the cuff 12 is worn on the brachium 14 and accordingly the cuff 12 detects a 
brachial pulse wave as the cuff pulse wave, the band-pass filter 28 has, e»g., 
a specific frequency band of from 20 Hz to 40 Hz. Thus, when the pulse wave 
signal SM passes through the band-pass filter 28, the reflected wave 
component of the brachial pulse is removed from the signal SM, and 
accordingly the rising portion of the incident wave component of the same is 
relatively enhanced. Hereinafter, this pulse wave signal SM will be referred 
to as the "high- frequency pulse wave signal SHF", where appropriate. The 
high-frequency pulse wave signal SHF is supplied to the electronic control 
device 30 via an A/D converter 33. 

[0022] A heart-sound microphone 34 is attached, with, e.g., an 

adhesive tape* not shown, to a chest of the subject The heart-sound 
microphone 34 incorporates a piezoelectric element, not shown, which 
converts heart sounds produced from the heart of the subject, into an 
electric signal, i.e M a heart-sound signal SH representing a waveform of the 
heart sounds, A heaxt-sound-signal amplifier 36 incorporates four sorts of 
filters, not shown, which cooperate with each other to attenuate a low-pitch 
component of the heart sounds that has a great energy, so as to allow clear 
recording of a high -pitch component of the heart sounds. The heart-sound 
signal SH supplied from the heart-sound microphone 34 is amplified and 
filtered by the heart-eound-signal amplifier 36, and then is supplied to the 
electronic control device 30 via an A/D converter 38. 

[0023] An input device 40 includes a keyboard, not shown, which is 

operable for inputting numerals representing a stature T of the subject, and 
supplies a stature signal ST representing the subjectfs stature T inputted 
through the keyboard, to the electronic control device 30. 
[0024] The electronic control device 30 is provided by a so-called 

microcomputer including a CPU (central processing unit) 42, a ROM (read 
only memory) 44, a RAM (random access memory) 46, and an I/O 
(input-and-output) port, not shown. The CPU 42 processes signals according 
to control programs pre-stored in the ROM 44, while utilizing a 
temporary-storage function of the RAM 46. The CPU 42 outputs, from the 
I/O port, drive signals to the air pump 24 and the pressure control valve 26, 
so as to control the cuff pressure PC. In addition, the CPU 42 provides 
control functions shown in Fig. 2, and accordingly identifies a rising point of 
a heartbeat-synchronous pulse of the cuff pulse wave detected by the cuff 12, 



calculates a pulse-wave propagation velocity PWV based on the identified 
rising point, and operates a display device 48, such as a CRT (cathode ray 
tube) or an LCD Qiquid crystal display), to display the thus calculated 
velocity PWV. 

[0025] Fig. 2 is a diagrammatic view for explaining essential control 

functions of the electronic control device 30 of the pulse-wave propagation 
velocity measuring apparatus 10. 

[0026] A cuff-pressure changing device or means 50 reads the cuff 

pressure PC represented by the cuff pressure signal SC supplied from the 
static-pressure filter circuit 26, and controls the pressure control valve 18 
and the air pump 24, so as to change and maintain the cuff pressure PC to 
and at a prescribed pulse- wave detection pressure value. The pulse-wave 
detection pressure value is so prescribed as to be lower than a diastolic 
blood pressure of the brachium 14 around which the cuff 12 is wound and 
assure that a sufficiently large pressure oscillation is produced in the cuff 12. 
In the present embodiment, the pulse- wave detection pressure value is 50 
mmHg. 

[0027] A pulse-wave propagation velocity determining device or 

means 52 first determines a time of detection of a start point of a heart 
sound I of the heart sound waveform represented by the heart sound signal 
SH supplied from the heart-sound microphone 34, in a state in which the 
cuff pressure changing means 50 maintains the cuff pressure PC at the 
pulse -wave detection pressure value, and additionally determines a time of 
detection of a rising point of a heartbeat-synchronous pulse of the cuff pulse 
wave represented by the high-frequency pulse wave signal SHF supplied 
from the band pass filter 28, in the same state. In the present embodiment, 
a minimum-point identifying method is employed to identify a rising point 
of a heartbeat-synchronous pulse of a cuff pulse wave. In the 
minimum-point identifying method, a minimum point of a 
heartbeat-synchronous pulse of a cuff pulse wave is identified as a rising 
point of the pulse. Subsequently, the determining means 52 determines' a 
time difference (sec) between the time of start point of the heart sound I and 
the time of rising point of the pulse wave, as a pulse-wave propagation time 
DT in which a pulse wave G.e., the cuff pulse wave) propagates from the 
subjects heart to a portion of the subject d.e M the brachium 14) where the 
cuff 12 is worn. Then, the determining means 62 substitutes the subjects 
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stature T represented by the stature signal ST supplied from the input 
device 40, with the following Expression 1 representing a relationship 
between stature T and propagation distance L, pre-stored in the ROM 44: 

(Expression l) L = aT + b 

where a and b are experimentally determined constants. 

Thus, the determining means 52 determines the propagation distance L 
between the heart and the brachium 14. In addition, the determining means 
52 substitutes the propagation distance L and the pulse-wave propagation 
time DT with the following Expression 2, so as to calculate a pulse-wave 
propagation velocity PWV (cm/sec): . 

(Expression 2) PWV = L/DT 

Finally, the determining means 52 operates the display device 48 to display 
the thus calculated pulse-wave propagation velocity PWV. 
[0028] In the present pulse-wave propagation velocity measuring 

apparatus 10, the high-frequency pulse wave signal SHF that has passed 
through the band-pass filter 28 represents a sharp and clear rising portion 
of the cuff pulse wave, because the reflected wave component thereof as the 
low-frequency component has been removed and the rising portion of the 
incident wave component thereof has been enhanced. Therefore, the time of 
rising point identified based on the high-frequency pulse wave SHF as the 
output of the band-pass filter 28 enjoys improved accuracy, and accordingly 
the pulse-wave propagation velocity PWV calculated based on the thus 
identified rising point also enjoys improved accuracy. 

[0029] Next, there will be described a second embodiment of the 

present invention that also relates to a pulse-wave propagation velocity 
measuring apparatus. The same reference numerals as used in the first 
embodiment shown in Figs. 1 and 2 are used to designate the corresponding 
elements or parts of the second embodiment, and the description thereof is 
omitted. 

[0030] Fig. 3 is a diagrammatic view for explaining a construction of 

a pulse- wave propagation velocity measuring apparatus 60, as the second 
embodiment of the present invention, that functions as a pulse wave 
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analyzing apparatus. The second apparatus 60 differs from the first 
apparatus 10 only in that the second apparatus 60 does not employ the 
band-paBS filter 28 employed by the first apparatus 10 and accordingly the 
pulse wave signal SM is directly supplied to the electronic control device 30, 
and in that control functions of the control device 30 of the second apparatus 
60 differ from those of the control device 30 of the first apparatus 10. 
[0031] Fig- 4 is a diagrammatic view for explaining essential control 

functions of the electronic control device 30 of the pulse-wave propagation 
velocity measuring apparatus 60 shown in Pig. 3. 

[0032] A plurality of band-pass filters 62 CBPF(l), BPF(2), BPF(3) f 

BPF(n)i n is a natural number indicating a number assigned to each 
filter) that cooperate with each other to function as a pulse wave filter, are 
provided by a plurality of digital filters, respectively, each of which has a 
specific frequency band and has a function of processing a digital signal and 
extracting, from the digital signal, a signal component having frequencies 
falling within the specific frequency band. However, the plurality of 
band-pass filters 62 have different specific frequency bands. The band-pass 
filters 62 extract, from the pulse wave signal SM supplied from the pressure 
sensor 16 f respective oscillatory components corresponding to the respective 
specific frequency bands thereof; and output respective secondary pulse 
wave signals SM2(l), SM2(2), SM2(S), SM2(n) representing the 

respective extracted oscillatory components. 

[0033] The respective specific frequency bands of the band- pass 

filters 62 are prescribed such that respective upper limits of respective 
low-side cut-off frequency bands lower than the respective specific frequency 
band6 of the filers 62 gradually increase as the numbers (n) assigned to the 
filters 62 increase, as shown in Fig 5. In addition, the highest one of the 
respective upper limits of respective low-side cut-off frequency bands of the 
band-pass filters 62, e.g M the upper limit of low-side cut-off frequency band 
of the filter BPF(n) shown in Fig. 5 is so prescribed as to be sufliciently 
lower than the frequencies of rising portion of the incident wave component 
of the pulse wave detected from the observed portion (e.g., the brachium 14) 
of the subject. In the case where the observed portion is the brachium 14, 
the upper limit of low-side cut-off frequency band of the filter BPF(n) is 
prescribed at 20 Hz, 25 Hz, or 30 Hz. 

[OOS43 Meanwhile, so long as respective lower limits of respective 
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high-side cut-off frequency bands higher than the respective specific 
frequency bands of the band-pass filters 62 are higher than the frequencies 
of rising portion of the incident wave component of the pulse wave detected 
from the observed portion, and are lower than the frequencies of 
high-frequency noise such as environmental noise, the respective lower 
limits of the respective high-side cut-off frequency bands may differ from 
each other or may be equal to each other. 

[0035] A provisional rising point identifying device or means 64 
determines respective times PS(l), PS2(2), PS2(n) of respective 
provisional rising points of respective heartbeat-synchronous pulses of the 
respective cuff pulse waves represented by the secondary pulse wave signals 
SM2(1), SM2(2), SM2(n) supplied from the band-pass filters 62. In this 
embodiment, too, the minimum-pbint detecting method is employed to 
determine the respective times of respective provisional rising points PS(1), 
FS2C2), PS2(3) PS2(nX 

[0036] A proper rising point identifying device or means 64 

compares the respective times PS(l), PS2(2), .... PS2(n) of respective 
provisional rising points, determined by the provisional rising point 
identifying means 64, with each other, and selects, as a time AS of a proper 
rising point, an appropriate one of the respective times PS(l), PS2(2), 
PS2(n). For example, in a first case where the respective times PS of 
respective provisional rising points decrease as the respective upper limits 
of respective low-side cut-off frequency bands of the band-pass filters 62 
increase, and become substantially constant in a high frequency range, as 
indicated at curve LI in Fig. 6, the determining means 66 selects the 
substantially constant times PS of provisional rising points, as the time AS 
of proper rising point, because the substantially constant times PS of 
provisional rising points are thought to have been determined based on the 
respective sharp rising portions of the pulse waves from which the 
respective reflected wave components have been removed. 
[0037] In a second case where the respective times PS of respective 

provisional rising points monotonously decrease as the respective upper 
limits of respective low-side cut-off frequency bands of the band-pass filters 
62 increase, as indicated at curve L2 in Fig. 6, the proper rising point 
deter minin g means 66 selects, as the time AS of proper rising point, the 
shortest one of the respective times PS of respective provisional rising 
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points, e.g., the time PS(n) shown in Pig. 6, because the respective upper 
limits of respective low-side cut-off frequency bands are thought to be not 
high enough to cut off sufficiently the respective reflected wave components 
of the pulse waves and accordingly the respective times PS of respective 
provisional rising points decrease as the respective reflected wave 
components decrease. Here, the reason why time of rising point decreases as 
reflected wave component decreases by removal. Fig. 7 shows a graph 
showing respective rising portions of an incident wave component, wi, and a 
reflected wave component, wr. As shown in the figure, the incident wave 
component wi has a sharp rising portion with a rising point, a; and the 
reflected wave component wr has a moderate rising portion with a rising 
point, b. .Therefore, an observed pulse wave, not shown, as a composite pulse 
wave of the incident and reflected wave components wi, wr has a rising 
point that is later or longer than the rising point a. Therefore, time of rising 
point decreases as influence of reflected wave component decreases. 
[0038] In a third case where the respective times PS of respective 

provisional rising points monotonously increase as the respective upper 
limits of respective low-side cut-off frequency bands of the band-pass filters 
62 increase, as indicated at curve L3 in Fig. 6, the proper rising point 
determining means 66 selects, as the time AS of proper rising point, the 
shortest one of the respective times PS of respective provisional rising 
points, e.g., the time PS(l) shown in Fig. 6, because an amount of delay of 
the phase of high-frequency component of the pulse wave that occurs when 
the pulse wave as the pressure oscillation produced from the artery and 
transmitted to the cuff 12 propagates via the piping 20 to the pressure 
sensor 16, is thought to be so large as to 

influence the determination of time of rising point of the pulse wave. The 
shortest time PS of provisional rising point, selected as the time AS of 
proper rising point, is determined based on the pulse wave whose 
high-frequency component is the least, i.e., the pulse wave represented by 
the pulse wave signal that has passed through the band-pass filter 62, e.g., 
the filter BPF(l) shown in Fig. 6, whose low-side cut-off frequency band is 
the lowest. 

[0039] Meanwhile, there are other cases, not shown in Fig. 6, for 

example, a case where respective times PS of respective provisional rising 
points irregularly change, unlike any of the curve or lines Ll, L2, L3 shown 
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in Fig- 6, as respective upper limits of respective low-side cut-off frequency 
bands increase or decrease; and a case where one or more (but not all) of 
respective times PS of respective provisional rising points is or are 
excessively shorter or longer than the other times PS. Since, in those cases, 
disturbing noise is thought to have been mixed, the determining means 66 
does not determine a time AS of a proper rising point, and operates the 
display device 48 to indicate that an error has occurred to measurement. 
[0040] A pulse- wave propagation velocity determining device or 

means 68 first determines a time of detection of a start point of a heart 
sound I of the heart sound waveform represented by the heart sound signal 
SH supplied from the heart-sound microphone 34, in a state in which the 
cuff pressure changing means 50. maintains the cuff pressure PC at the 
prescribed pulse-wave detection pressure value, and additionally determines 
a time difference (sec) between the time of start point of the heart sound I 
and the time AS of proper rising point determined by the proper rising point 
determining means 66. i.e., a pulse-wave propagation time DT in which a 
pulse wave (Le., the cuff pulse wave) propagates from the subjects heart to a 
portion of the subject (i.e., the brachium 14) where the cuff 12 is worn. The 
start point of heart sound I corresponds to the rising point of pulse wave. 
Then, the determining means 68 substitutes the subjects stature T 
represented by the stature signal ST supplied from the input device 40, with 
the above-indicated Expression 1. Thus, the determining means 68 
determines the propagation distance L between the heart and the brachium 
14. In addition, the determining means 68 substitutes the propagation 
distance L and the pulse-wave propagation time DT with the 
above-indicated Expression 2, so as to calculate a pulse-wave propagation 
velocity PWV (cm/sec). Finally, the determining means 68 operates the 
display device 48 to display the thus calculated pulse- wave propagation 
velocity PWV. 

[0041] Fig. 8 is a flow chart for explaining the essential control 

functions of the CPU 42, shown in Fig. 4. This flow chart is started upon 
operation of a start button, not shown, on the assumption that the stature 
signal ST has already been supplied from the input device 40 to the control 
device 30. 

[00421 In Fig. 8, first, at Step SI, the CPU 42 starts the air pump 24 

and operates the pressure control valve 18 to change and maintain the cuff 
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pressure PC to and at the prescribed pulse wave detection pressure value, 
e.g., 50 mmHg. 

[0043] Subsequently, at Step S2, in a state in which the cuff 

pressure PC is maintained at the pulse wave detection pressure value, the 
CPU 42 read6 in respective lengths of the pulse wave signal SM, supplied 
from the pressure sensor 16, the cuff pressure signal SC, supplied from the 
static-pressure filter circuit 26, and the heart sound signal SH, supplied 
from the heart sound microphone 34 via the heart sound signal amplifier 36, 
all of which correspond to one heartbeat of the subject. Then, the control of 
the CPU 42 proceeds with Step S3 to operate the pressure control valve 18 
to decrease the cuff pressure PC down to atmospheric pressure. In the 
embodiment showji. in Pig. 8, .Steps Si and S3 correspond to the cuff 
pressure changing means 50. 

[0044] Next, at Step S4, the CPU 42 filters the pulse wave signal 

SM, read in at Step S2, through each of the plurality of band-pass filters $2 

(BPF(l), BPF(2), BPF(3) BPF(n)) as one of signal processing algorithms 

pre stored in the ROM 44, and thereby obtains respective secondary pulse 
wave signals SM2(l), SM2(2), SM2(3), SM2(n). Subsequently, the control 
goes to Step S5 corresponding to the provisional rising point determining 
means 64. At Step S5, the CPU 42 determines respective times of detection 
of respective minimum points of respective heartbeat-synchronous pulses of 
respective pulse waves represented by the secondary pulse wave signals 
SM2(D, SM2(2), SM2(n), obtained at Step S4, as respective times PS(l), 
PS(2), PS(n) of detection of respective provisional rising points of the 
respective heartbeat^synchronous pulses of the respective pulse waves. 
[0045] Then, the control goes to Steps S6, S7, and S8 corresponding 

to the proper rising point determining means 66. First, at Step S6, the CPU 
42 determines a time AS of detection of a proper rising point. More 
specifically described, in the first case where the respective times PS of 
detection of respective provisional rising points decrease as the respective 
upper limits of respective low-side cut-off frequency bands of the band-pass 
filters 62 increase, and simultaneously at least two times of the respective 
times PS are substantially equal to each other, for example, two or more 
times PS are substantially equal to each other in a relatively high frequency 
range, as indicated at curve LI shown in Fig. 6, the CPU 42 determines the 
two or more times PS substantially equal to each other, as the time AS of 
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detection of the proper rising point. In the second or third case where the 
respective times PS of detection of respective provisional rising points 
decrease, or increase, as the respective upper limits of respective low-side 
cut-off frequency bands of the band-pass filters 62 increase, as indicated at 
line L2 or Line L3 shown in Fig. 6, the CPU 42 determines the shortest time 
of the respective times PS as the time AS of detection of the proper rising 
point. In other cases, for example, in the case where the respective times PS 
of respective provisional rising points irregularly change, unlike any of the 
curve or lines LI, L2, L8 shown in Fig. 6, as the respective upper limits of 
respective low-side cut-off frequency bands increase or decrease, or in the 
case where one or more (but not all) of the respective times PS of respective 
provisional rising points is or are excessively shorter or longer than the 
other times PS, the CPU 42 does not determine the time AS of proper rising 
point. 

[0046] Subsequently, at Step S7, the CPU 42 judges whether the 

time AS of proper rising point has been determined at Step S6. If a positive 
judgment is made at Step S7, then the control goes to Step S9. On the other 
hand, if a negative judgment is made, the control goes to Step S8 to operate 
the display device 48 to indicate that an error has occurred to the 
measurement of the time AS of proper rising point. 

[0047] Steps S9 f S10, and Sll correspond to the pulse-wave 

propagation velocity determining means 68. First, at Step S9, the CPU 42 
determines a time of detection of a start point of a heart sound I of the 
heart-sound wave&rm represented by the heart sound signal SH, read in at 
Step S2. Subsequently, at Step S10, the CPU 42 calculates a time difference 
between the time of detection of the start point of heart sound I, determined 
at Step S9, and the time AJS of proper rising point, determined at Step S6, 
that is, a pulse wave propagation time DT. 

[0048] Then, at Step Sll, the CPU 42 substitutes the subjects 

stature T represented by the stature signal ST supplied in advance from the 
input device 40, with the above-indicated Expression 1, so as to calculate a 
pulse wave propagation distance L. Next, at Step S12, the CPU 42 
substitutes the propagation distance L, calculated at Step Sll, and the 
pulse wave propagation time DT, calculated at Step S10, with the 
above-indicated Expression 2, so as to calculate a pulse wave propagation 
velocity PWV. Finally, the CPU 42 operates the display device 48 to display 
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tlie thus calculated pulse-wave propagation velocity PWV. Thus, this routine 
IB finished. 

[0049] In the illustrated embodiment, the provisional rising point 

determining device or means 64 (Step S5) determining the respective times 
PS(l), PS(2) f PS(n) of respective provisional rising points of respective 
pulse waves represented by the respective secondary pulse wave signals 
SM2(1), SM2(2), SM(n) that have passed through the band pass filters 
62 having respective different low-side cut-off frequency bands, and the 
proper rising point deter minin g device or means 66 (Steps S6, S7, and S8) 
compares the respective times PS of respective provisional rising points with 
each other and thereby determines the time AS of proper rising point based 
on the respective times PS of respective provisional rising points. Therefore, 
even if respective rising portions of respective reflected wave components 
and/or respective incident wave components of respective pulse waves 
detected from diffe rent patients may have different frequencies or different 
frequency bands, the present pulse -wave propagation velocity measuring 
apparatus (the pulse-wave analyzing apparatus) 60 can accurately 
determine a rising point of a pulse wave detected from each of the patients, 
[0050] While the present invention has been described in detail in 

its preferred embodiment by reference to the drawings, it is to be 
understood that the invention may otherwise be embodied. 
[0051] For example, in the above-described embodiments, the 

band-pass filter 28, or each of the band-pass filters 62 is employed as the 
pulse wave filter for use with the pulse wave sensor, Le., the cuff 12, 
However, the band pass filter 28, or each of the band-pass filters 62 may be 
replaced with a high-pass filter. 

[00521 In addition, in each of the above-described embodiments, the 

cuff 12 as the pulse wave sensor is worn on the brachium 14 of the Bubject. 
However; the body portion of a subject on which the pulse wave sensor is 
worn is not limited to the brachium 14 of the subject, but may be any 
portion from which a pulse wave can he detected, for example, wrist, the tip 
of a finger, femoral portion, or ankle. However, since respective pulse waves 
detected from different body portions of a subject have different frequencies, 
the pulse wave filter for use with the pulse wave sensor is adapted to have 
an appropriate one or ones of different low-side cut-off frequency bands 
and/or different specific frequency bands corresponding to different body 
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portions of a subject where the pulse wave sensor is worn. For example, in 
the case where a cuff as a pulse wave sensor is worn on an ankle of a subject, 
a pulse wave filter &r use with the cuff is adapted to have a specific 
frequency band of from 1 Hz to 15 Hz. 

[0053] In the second embodiment shown in Figs. 3 to 8, the digital 

filters (band-pass filters) 62 are employed as the pulse wave filters for use 
with the cuff 12 as the pulse wave sensor. However the digital filters 62 
may be replaced with analog filters each of which is provided by an 
electronic circuit or circuits. 

[0054] In addition, in each of the above-described embodiments, the 

minimum-point detecting method is employed as the method of identifying 
or deter minin g the time of detection of the rising point or the provisional 
rising point. However, the rising point may be determined by well-known 
other rising-point determining methods, such as second-order differentiation 
method or tangential line method. 

[0055] In addition, in each of the above-described embodiments, the 

upstream-side and downstream-side ends of the measurement interval in 
which pulse-wave propagation velocity PWV is measured is the heart and 
the brachium 14 of the subject, respectively. However, a different 
measurement interval may be employed to measure pulse-wave propagation 
velocity PWV. For example, in the case where another cuff as another pulse 
wave sensor is worn on an ankle of the subject, a pulse-wave propagation 
velocity PWV may be measured by using first measurement interval 
between the heart and the brachium 14 of the subject, and a- second 
measurement interval between the heart and the ankle of the subject. 
[0056] It is to be understood that the present invention may be 

embodied with other changes, improvements and modifications that may 
occur to a person skilled in the art without departing from the spirit and 
scope of the invention defined in the appended claims. 



